Ozone in aircraft cabin can bring obvious adverse impact on indoor air quality and occupant health. The objective of this study is to experimentally explore the ozone removal performance of flat-type catalyst film by loading nanometer palladium on the activated carbon fibers (Pd/ACFs), and optimize the configuration of ozone converter to make it meet the design requirements. A one-through ozone removal unit with three different Pd/ACFs space was used to test the ozone removal performance and the flow resistance characteristic under various temperature and flow velocity. The results show that the ozone removal rate of the ozone removal unit with the Pd/ACFs space of 1.5 mm can reach 99% and the maximum pressure drop is only 1.9 kPa at the reaction temperature of 200℃. The relationship between pressure drop and flow velocity in the ozone removal unit has a good fit to the Darcy-Forchheimer model. An ozone converter with flat-type reactor was designed and processed based on the one-through ozone removal experiment, its ozone removal rate and maximum pressure drop were 97% and 7.51 kPa, separately, with the condition of 150℃ and 10.63 m/s. It can meet the design requirements of ozone converter for air purification and develop a healthier aircraft cabin environment.
Introduction
The outdoor air pollution and ventilation system pollution are two major factors influencing the indoor air quality [1] . As a special indoor environment, the air quality in the aircraft cabin is more associated with the ambient air conditions and regulated by the supplied outside air [2, 3] . Since the energy crisis of 1970s, commercial airplanes routinely cruise in the upper troposphere or the lower stratosphere where the ozone concentration can reach the level of hundreds of parts per billion (ppb), ozone will enter aircraft cabin with the bleeding air through engine compressors [4] . Ever since, more and more passengers started to complain the poor air quality caused by the ozone [5] . As to short-term exposure, studies have strengthened the evidence that exposure to the over-standard ozone concentration (>0.1ppm) will increase the mortality and respiratory morbidity rates [6] . Due to the strong oxidizing, ozone can react with the passenger's skin oils and the leather seats in aircraft cabin, which become the important source of volatile organic compounds (VOCs) [7] . Due to the hazards of ozone, the World Health Organization had updated the air quality guideline for indoor ozone that the maximum average concentration cannot exceed 0.09 ppm in 8-hr when people exposure to the ozone environment. The Occupational Safety and Health Administration (OSHA, the United States of American) also required the maximum ozone concentration of 0.1 ppm when human exposure to such environment for 8-hr [8, 9] . The U.S. Federal Aviation Administration (FAA) regulations require that the ozone concentration in aircraft cabin cannot exceed 0.1 ppm when flying time exceeds 4-hr. Chinese 'indoor air quality standards' (GB/T requires that the indoor ozone concentration cannot exceed 0.08 ppm [10] .
For meeting the above air quality standards, some types of airplanes have been equipped with ozone converter in the environmental control system (ECS) to reduce the ozone concentration [10, 11] . According to the data released from European aircraft manufacturer Airbus and Boing Company, the ozone converter is a mandatory device on the long flight commercial aircrafts like A320, A330 and B767, B777, while the rest thousands of short flight airplanes were installed optionally [12] . At present, many aircrafts do not have the air-cleaning facility to remove ozone, so the mean ozone level exceeding 0.1 ppm over the course of flight often occurs. It is obvious that the further technological research and development in the field of ozone conversion is critical to improve the air quality in aircraft cabin [13, 14] . Set Researchers have proposed various ozone removal techniques for ozone removal, such as adsorption [15] , thermal decomposition [16] , electromagnetic radiation decomposition and catalytic decomposition [17, 18] . Because of the efficiency and economy, catalytic decomposition of ozone is an ideal technique for indoor air purification [19] . Catalytic decomposition consist of thermal-catalytic decomposition and photocatalytic decomposition [20] [21] [22] . Lu et.al has experimentally confirmed that the flow velocity of the bleeding air supply to the aircraft cabin is too high to apply photocatalytic technique into the ozone removal in aircraft [10] . Thermal-catalytic decomposition is the more suitable example, because the temperature of bleeding air in the aircraft is closed to 90-200℃ which can meet the temperature requirement for the thermal-catalytic technology [8] . The results in our previous research show that thermal catalytic by coating nanoparticle palladium on the surface of activated carbon fibers (Pd/ACFs) can remove ozone efficiently and ozone removal rate is proportional to flow resistance [23] . Through extensive literature review, very few researches focus on the design of ozone converter and test ozone removal performance under actual working condition of bleeding air from aircraft. It is necessary to focus on the optimization of reactor configuration to reduce its pressure drop and maintain ozone removal efficiency. Figure 1 shows the flowchart of research methodology. The results in this paper can provide the design basis for the application of ozone converter in environment control system of commercial aircraft [24] [25] [26] .
Experiment Details

Experimental Apparatus
The experimental system in this paper, which can be used to adjust various parameters, such as initial ozone concentration, flow velocity and experimental temperature. The schematic experimental system is shown in Figure 2 . An air compressor drove a zero air generator to produce high pressure zero air. A dynamic gas calibrator (Thermo Environmental Inc. Model 146C) was operated with the zero air generator to control the mass flow rate of the zero gas. The ozone generator equipped with three ultraviolet lamps with a primary wavelength of 254 nm was used to introduce ozone into the experimental system. Before the experiment, the air stream containing ozone flow through the by-pass Route I. When the flow rate and ozone concentration reach steady for one hour, ozone was introduced into the reactor that was placed in the center of the electric resistance furnace.
The reactor ( Figure 3 ) was composed of a transparent quartz glass tube with the diameter of 14mm and the length of 100 mm, an ozone removal unit was placed inside it. The ozone removal unit was made of the horizontally arranged catalyst Pd/ACFs that was prepared by coating nanometer palladium on the surface of activated carbon fibers with the same process as shown in literature [23] . The performance of ozone removal unit with different Pd/ACFs space was tested. Figure 4 shows the ozone removal unit with the different Pd/ACFs space. In order to meet the reactor dimensions, a Pd/ACFs fixing device with 60mm in length, 9mm in width and 10mm in height was prepared, as shown in Figure 4 (a). The fixing device, 9mm in width and 2mm in height fixed the Pd/ACFs films with the dimension of 70mm in length, horizontally. For example, two flat-type Pd/ACFs films were fixed by the space of 5mm in Figure 4 (b), while three and four flat-type Pd/ACFs films were fixed with pitch distance of 1.5mm and 0.3mm (measured by the vemier caliper) , as shown in Figure 4 Figure 2 ) with the initial concentration of 1.79 ppm. After the ozone concentration reached steady for one hour, it was introduced into the reactor. Here, only the steady data of the first 40 min were indicated in the Figure 4 . The reaction temperature was increased with the rise rate of 40℃ every 40 min from 40℃ until it reaches 200℃. One can see that the ozone concentration decreased quickly when the reaction temperature was increased. It also decreased sharply by the increasing reaction area. Ozone concentration dropped rapidly to the level of 0.22ppm and 0.08ppm at room temperature with 3 and 4 flattype Pd/ACFs films, respectively, while it was almost 0.99 ppm with 2 flat-type Pd/ACFs films. However, the effect of reaction area on the ozone removal is not obvious with the rise in reaction temperature. For example, the outlet ozone concentration for all three types ozone removal unit were almost zero at the temperature of 200℃. So the ozone removal over Pd/ACFs is dominated by the reaction temperature because the catalyst has the higher activity at the higher temperature.
The above results show that the ozone removal performance of the Pd/ACFs can be enhanced by increasing reaction area at lower temperature; otherwise the reaction temperature should be improved. Poshin et al. [27] evaluate the ozone removal over activated carbon filters at the ppb level of ozone concentration and found that the ozone removal capacity can be increased by increasing the contact surface area. The similar results were founded in this study. On the other hand, the more Pd/ACFs layers lead to the decreasing space of adjacent catalyst Pd/ACFs, which shorten the flow area of ozone and increase the flow velocity on the Pd/ACFs surface. Therefore, the ozone concentration boundary layer on the surface of Pd/ACFs become thin and the more ozone can be absorbed and decomposed. Figure 6 shows the ozone conversion rate of the ozone removal unit with the different layers of Pd/ACFs film varies with temperature. The ozone conversion rate was calculated by 100(Cin-Cout)/Cin%, where Cin and Cout is the inlet and outlet ozone concentration (ppm), respectively. The ozone conversion rate with three and four layers of catalyst Pd/ACFs was more than 90% at 40℃ and further increased to 99% when the temperature reached at 200℃. However, for the two layers of Pd/ACFs, it was only 45% at room temperature, but over 97% when the temperature rose to 160℃ and up to 99% at the temperature of 200℃.The results further illustrated that enhancing temperature was important for catalytic removal of ozone with the catalyst Pd/ACFs. The pressure drop is another important parameter for ozone reactor, for reducing energy consumption the lowpressure drop is recommended. The pressure drop in this research was measured by a U-tube manometer and calculated by the altitude difference of water column in the U-tube as Equation 1.
Where ΔP is the pressure drop of import and export reactor (kPa), ρ is the density of water column (kg/m 3 Figure 7 shows the variation of the pressure drop with flow velocity for the different ozone removal units. The pressure drop increased with the rose in flow velocity for the given ozone removal unit. It also increased with the rose in the number of catalyst layers at a fixed flow velocity. For example, the pressure drop in the ozone removal unit increased from 1.37 kPa for 2 catalyst films to 2.42 kPa for 4 catalyst layers at the flow velocity of 1.1 m/s. The reason is that the more Pd/ACFs layers filled in the reactor can lead to the smaller flow area of reactor and the higher flow velocity over the catalyst surface, which result in the higher on-way resistance. Shuai et al. [28] analyzed the pressure losses in automotive catalytic converter and found that the porosity of the packed bed has a significate impact on the pressure drop of the catalytic converter, the higher porosity of packed bed contribute to the lower pressure drop. The similar conclusion was also obtained in our study.
The Pressure Drop Prediction
The ozone reactor filled with catalyst Pd/ACFs is supposed as a porous media, so the porous media model can analyze the relationship between pressure drop and flow velocity. Regulski et.al studied the pressure drop in the porous media by numerical and experiment study and proposed the pressure drop prediction model as shown in Equation 2 [29] . 
Where Δp/ΔL is the average pressure gradient (Pa/m). ΔL is the length of reactor (m).U is the mean flow velocity through the reactor (m/s), ρ is the fluid density (kg/m 3 ), μ is the fluid dynamic viscosity (Ns/m 2 ), the coefficient 1/k1 is viscous permeability (1/m 2 ), and 1/k2 is inertial permeability (1/m). In this research, the fluid density and fluid dynamic viscosity is 1.225 kg/m 3 and 17.9×10 -6 Ns/m 2 , respectively.
For the porous bed composed of uniformly spaced structure, Ergun [30] and Edouard [31] had proposed the Darcy-Forcheimer formula, as shown below: 
Where ac is the surface to volume ratio of Pd/ACFs (1/m), ε is the external porosity (the internal porosity is negligible),
Ss is the external surface area of Pd/ACFs (m 2 /g), VPd/ACFs is the external volume of Pd/ACFs (m 3 /g), Vtotal is the total volume of the ozone removal reactor (m 3 ).
In this research, Ss = 0.15 m 2 /g and VPd/ACFs = 20×10-6 m 3 /g, so the ac = 7500 m -1 . The external porosity of 2 to 4 flat-type ozone removal unit is 0.69, 0.62 and 0.57, respectively. Therefore, the relationship between pressure drop gradient and Equations 6 to 8 can predict flow velocity for 2 to 4 flat-type ozone removal unit. Figure 9 shows the typical modern aircraft ventilation system in the aircraft, the bleeding air is provided by the engine compressor, ozone removed by ozone converter, cooled by air-conditioning packs located under the wine center section, at last, the clean air was transformed to the cabin. Ozone converter is commonly installed in the aircraft underbody at the duct leading from jet engine compressor to the passenger cabin, it must have excellent ozone removal capability to meet the ozone concentration standards and low resistance to minimize the energy consumption [32, 33] .
Figure 9. The typical ventilation system in the modern aircraft
A flat-type ozone reactor was designed and manufactured based on the above results, and it was housed in a cuboid converter with the dimension of 0.3×0.3×0.3 m 3 . Synthesizes the ozone conversion rate and pressure drop in above research, the catalyst film space of 1.5 mm was chosen for the design of ozone reactor.
Ozone Converter Design
Heck and his co-worker [34] proposed the design requirement for ozone converter in the wide body commercial aircraft after a detailed analysis of the in-flight performance. Chen et al. [35] simulate the ventilation of an aircraft cabin mockup with a real MD-82 commercial airliner, mentioned that the minimum air supply is 7.1 L/(pers) that is equal to 1232 kg/h at the condition of 20℃ and 1atm in the aircraft cabin. This value can meet the ASHRAE standard [36] . Therefore, the designed size and performance evaluation index of the ozone converter is based on the parameters in Table 1 .
Table 1. Range of design conditions for ozone converters in wide body aircraft
The minimum air flow (kg/h) 1232 A flat-type ozone reactor was designed, which was composed of an external framework and 17 flat-type catalyst units, the schematic diagram and photograph of ozone reactor are shown in Figures 10 and 11 , respectively.
The external framework was welded by 12 stainless steel square tubes with the dimension of 0.3×0.3×0.3 m 3 . 17 channels were reserved on the vertical square tubes for fixing the flat-type catalyst units. Each catalyst unit was made of a supporting plate and two layers of Pd/ACFs with the dimension of 2902908 (LWH) mm, and the catalyst Pd/ACFs were fixed on both side of the plate. 17 flat-type catalyst units were inserted into the channel on the framework to form the reactor, as shown in Figure 10 . The space between the catalyst units is 1.5 mm. The reactor was housed with an entrance and outlet region to form an ozone converter, as shown in Figure 12 . In general, the shape of air duct for the fresh bleeding air to the aircraft cabin is circular, so the ozone reactor is connected to the entrance and outlet region by the transition zone from column to square. The diameter and length of the entrance and outlet transition zone is 114 mm and 100 mm, respectively, and the total housing length is 500 mm. Figure 13 shows the performance test system for the ozone converter, which was comprised of by-pass Route I and primary test Route II. The parameters of mass flow rate, reaction temperature and initial ozone concentration can be adjusted to simulate the fresh air condition of aircraft cabin.
The Performance Test System of Ozone Converter
The stable airflow comes from a high-pressure air source, which is equipped with an electrical heater to control the temperature of airstream. Because the outlet pressure of ozone generator is near to ambient pressure, ozone cannot be introduced into the high-pressure test section directly, so an ejector was equipped to introduce ozone easily. The bleeding air that coming from the high pressure air source (1) was adjusted by a mass flowrate controller (2), and then which was heated to a given temperature by an electrical heater. An ozone generator was connected to the ozone entrance (4) that is located at the middle of ejector (3) to introduce the ozone into the system. Thus, a fixed flowrate of airstream with constant temperature and initial ozone concentration can flow into the ozone converter (5) . Firstly, the ozone was introduced into the by-pass route I to steady the experimental parameters, and then it was introduced into the route II to test the performance of the ozone converter. The detailed information can be found in the literature [19] . The inlet and outlet ozone concentration were measured by an ozone analyzer (American 2B-technology 106-L with the precision: 0.1 ppb), the corresponding pressure and temperature were measured by pressure transducer (with the accuracy grade of 0.25%) and temperature gauges (with the precision:±0.5℃), respectively. All the testing data were recorded by a data acquisition instrument every 5 minutes.
The Data Processing
(1) The flow velocity in the ozone converter The flow velocity v through the ozone converter at each temperature t and pressure p can be obtained with Equation 9.
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Where G is the mass flow rate of the airstream (kg/h), ρ is the density of airstream through the ozone converter at the fixed temperature and pressure (kg/m 3 ), A is the flow cross-sectional area in the designed ozone converter (m), in this research, A=0.03 m 2 . The density ρ can be obtained by Equation 10 .
Where ρ0=1.29 kg/m 3 .
(2) The pressure drop of ozone converter
The pressure drop (Δp) of the ozone converter was obtained by the inlet and outlet pressure difference (p1-p2), where p1 and p2 are the inlet and outlet static pressure of ozone converter (kPa), respectively.
(3) The minimum flow velocity in the ozone removal reactor
The minimum flow velocity was gotten by the minimum air supply of 7.1 L/(pers) that is equal to 1232 kg/h at the condition of 20℃ and 1 atm, according to the Equation 10, ρ20℃=1.23 kg/m 3 . The minimum flow velocity flow through the ozone reactor is 2.30 m/s.
The Performance Test of Ozone Converter
The ozone converter performance was tested under the mass flow rate of 306-680 kg/h at the temperature of 20℃, 90℃ and 150℃. The corresponding velocity range is 2.30-5.12, 2.91-6.4 9 and 3.14-7.00 m/s, respectively. So the flow velocity in experiment meets the flight requirements. For the commonly commercial airliner, the ozone concentration outside the aircraft cabin is in the range of 0.5-1 ppm at the cruising altitude [37] , so the initial ozone concentration was 1ppm in this study.
(1) Ozone removal performance Figure 14 shows the variation of the outlet ozone concentration with time over ACFs or Pd/ACFs at different flow velocity and temperature. At the time of 0 min, ozone with different initial concentration was introduced into the system and labeled with a dash line. Figure 14 (a) and (b) focus on the variation of ozone concentration at room temperature by using the ozone converter with ACFs and Pd/ACFs, respectively. Ozone concentration dropped quickly as soon as the airstream flow through the ozone converter. The outlet ozone concentration using ACFs decreased from 1.0 to 0.085 ppm at the flow velocity of 2.30 m/s, and it increased to 0.12 ppm as the flow velocity rose to 5.12 m/s. While for the ozone converter with Pd/ACFs, the outlet ozone concentration dropped to 0.13 ppm after 40 min under the same experimental conditions, then it increased to 0.14 ppm when the flow velocity increase to 5.12 m/s. Due to the nanoparticle catalyst palladium occupied the adsorption site of ACFs, the performance of ozone removal using Pd/ACFs seems to be weaker relative to the ACFs at the room temperature. Also, the effect of flow velocity on ozone removal is minor. 
Figure 14. Variation of the ozone concentration with time at different flow velocity and temperature
However, the performance of ozone removal increased obviously over Pd/ACFs with the increase in temperature, as show in Figure 14 (c) and (d). The outlet ozone concentration was near to 0 ppm at the temperature of 90 and 150℃,then kept at this value in the rest process of experiment. The effect of flow velocity on the ozone removal is not obvious at the higher temperature. The reason is that the catalyst activity is excited and the catalytic reaction between ozone and Pd/ACFs is promoted by the higher temperature. Therefore, the control step for ozone removal at the higher temperature is mass transfer comparing with that in the lower temperature. The greater the flow velocity is, the more ozone molecules will transfer to the surface of Pd/ACFs and be decomposed. Figure 15 shows the variation of the ozone conversion rate over ACFs and Pd/ACFs with flow velocity at different temperature. At each experimental condition, the corresponding mass flow rate is constant. The ozone conversion rate over ACFs and Pd/ACFs decreased with the increase in flow velocity at 20℃. It decreased from 93% to 90% for ACFs and from 88% to 86% for Pd/ACFs, respectively, when flow velocity increased from 2.30 to 5.12m/s. The ACFs shows a better ozone removal performance than that of Pd/ACFs at 20℃, the reason is that ozone removal mainly come from the adsorption of ACFs at room temperature. The nanoparticles palladium occupied the micro pore of ACFs and caused the decrease of adsorption surface area, which lead to the decreasing performance of ozone removal over Pd/ACFs. Katya Milenvoa et al. [38] studied the ozone removal by loading nanometer Cu and TiO2 on activated carbon and found that the specific surface areas of activated carbon decreased, which perhaps cause a poor ozone removal. The results were similar to our present study.
After raise the temperature, the performance of ozone conversion is significantly improved. However, the ozone conversion rate in 150℃ is lower than it at 90℃. The reason is that catalytic reaction is a surface reaction, ozone should contact with the catalyst, and then can be decomposed. For the Pd/ACFs, ozone must diffuse through the outer surface of ACF, then pass through the porous structure and interact with the palladium to complete the removal process. Though, the catalyst activity was promoted when the temperature is increased from 90℃ to 150℃, the properties of ozone desorption from ACFs was also enhanced. The promoted properties of ozone desorption has a more effect than the increasing catalytic activity on ozone removal at this condition. On the other hands, the flow velocity on the surface of catalyst at 150℃ is higher than that at 90℃ under the same mass flow rate, which leads to the less contact time of ozone over the catalyst Pd/ACFs. So the ozone conversion rate was lower at 150℃ than that at 90℃. Comparing the data in Table 1 , the flow velocity and ozone removal rate can meet design requirements. . The corresponding mass flow rate was in the range of 311-1033 kg/h. It can be seen from the figure that the pressure drop increased with the increase in flow velocity, for example, the pressure drop promoted from 0.44 kPa to 4.85 kPa as the flow velocity increased from 2.40 to 7.97 m/s at temperature of 20℃. The maximum pressure drop of the ozone converter reached 6.44 kPa (at 90℃) and 7.51 kPa (at 150℃), respectively. The pressure drop of the designed ozone converter also meets the design requirements in Table 1 
The Limitation of This Study and the Outlook
Although the designed ozone converter can meet the design property index of pressure drop and ozone conversion rate, the weight is 16.8 kg that is 0.8 kg heavier than the maximum weight in Table 1 . The construction materials of ozone converter can be substituted by the aluminum or other light materials in the future designed. On the other hands, the effect of temperature and flow velocity on the ozone removal performance was analyzed through experiment, due to the rigorous testing conditions, it is necessary to find the mathematical model and use the technique of computational fluid dynamics (CFD) to research the procession of ozone removal and optimal design of ozone converter in the future.
Conclusion
In this paper, three-arrangement type of flat catalyst film are used to experimentally explore the ozone removal performance, the influence of flow velocity and temperature on ozone removal capacity and flow resistance characteristic is studied in detail. Based on the above experimental results, the ozone removal unit with 1.5cm space of Pd/ACFs that has an excellent performance to guides the design of ozone converter. At last, the prototype is tested through the testing system, which can simulate the actual work condition of aircraft cabin. From the present study, the following conclusion can be obtained:
 The one-trough ozone removal performance by catalyst Pd/ACFs films shows that the ozone removal unit with the space of 1.5 cm has an excellent ozone removal performance and low-pressure drop to meet the design requirement.
 The Darcy-Forchheimer model of the porous media can predict the pressure drop of the flat-type reactor in this study.
 The designed flat-type ozone converter has the ozone conversion of 97% and the maximum pressure drop of 7.51 kPa at the temperature of 150℃ and flow velocity of 10.63 m/s, which can meet the ozone converter design requirements: The ozone conversion rate of 83-93% and the pressure drop of 3.4-10.3 kPa
